Abstract-Advances in technology have led to rapid increase in the number and the complexity of engineered systems. Consequently, the need for effective tools and techniques for designing, implementing and analyzing such systems has increased. Bond Graphs were proposed as domain independent approach for modeling dynamic systems in 1960. This approach is a unifying methodology to represent and analyze systems in which there is energy exchange and, hence, one can represent, validate, analyze and generate models for the behavior of electrical, mechanical, chemical, fluid or hydraulic system. In this short paper we describe how to create bond graphs for a system with a focus on modeling Human Behavior. We describe how a model can be used to study the energy transfers in the system and how to obtain a mathematical model for the dynamic behavior of the system from the bond graph model.
I. INTRODUCTION
Bond graphs are a domain independent graphical models that describe the dynamic behavior of physical systems [1] . These models were introduced by [2] as a unifying notation for systems involving mechanical, electrical and hydraulic components that involve energy exchange. These models are constructed by first considering energy flows between the ports of the components of a system. The physical effects and their interactions are considered initially in a qualitative manner and the process details are specified in later stages of the model development process [3] . The physical components of systems are represented as vertices of the bond graph. Every component is said to have specific ports through which energy is exchanged. Components are connected using bonds -and every bond represents a bilateral exchange of effort and flow [4] .
II. BOND GRAPH NOTATIONS
A domain neutral, common, notation for the components of a system is an important foundation for bond graphs. This notation allows systems involving mechanical, electrical and hydraulic components to be analyzed in a common framework [5] . Figure 1 shows the commonly used elements in a bond graph.
III. CREATING BOND GRAPHS
The topology of the system, i.e., the connectivity between the physical components of the system, guides the construction of a bond graph model [3] . The following procedure can be used 1) Enumerate the physical components in the system and identify a corresponding bond graph element illustrated in Figure 1 . 
Element Description Notation

IV. CAUSALITY ANALYSIS
The objective of causality analysis is to determine whether the flow of energy in the system is consistent [1] . The bond graph methodology admits four types of causality and by following these rules, one must assign causality to the bonds. Causality is denoted by a stroke ("|") on one end of the bond. The flow of energy in a bond is from the component on the bond without the stroke to the element that has the stroke. Note that half arrows only denote whether the corresponding physical component is generating or consuming energy. The details of assigning half arrows and causal strokes will be illustrated with a specific example after describing the four types of causality that must be considered.
1) Fixed Causality: The energy flow is constrained in one specific direction. For example, when the element at one end of a bond is a Source of Effort, the causal stroke must be at the other end, i.e., the flow is assumed to be out of the source of effort and into the element at the other end of the bond. 2) Constrained Causality: In bond graph elements such the T F , GY , 0−Junction and 1−Junction, there is a physical relation between the different ports of the element because the causality of one port imposes the causality on the other ports. 3) Preferred Causality: The storage elements C and I could be represented in either of integration or differentiation forms. The integration form is preferred because it forces the designer to specify an initial condition for the elements. 4) Indifferent Causality: In this case, the element does not impose any constraints on the causality. For example, in the case of a Resistor element, the flow can either be into the element or away from the element. When carrying our causality analysis, it is necessary to first start with the components that have fixed causalities. Usually, these are the sources. Next, it is necessary to check if any of the assigned causalities affect the elements with constrained causality, i.e., T F , GY or 0−Junction and 1−Junction. If such connections exist, the assigned causalities must be propagated through these elements. The next step is to consider the components with preferred causality. If the preferred causalities can be assigned without violating any of the assigned causalities; any changed causalities must be propagated through the Junctions. Finally, it is necessary to check if there are unassigned causalities and the strokes are assigned to the indifferent causality elements.
Causality analysis can serve as a diagnosis tool that can check whether or not the systems are modeled properly. When the causalities assigned are inconsistent with the rules, it usually denotes that a model change may be warranted.
V. DYNAMIC EQUATIONS
The dynamic equations of an energy system can be derived from the bond graph of that system. These equations are written in terms of the states of the system. Generally, there are two kinds of states P and Q for each bond that supplies energy to a storage element; the P state represents the integration of the effort variable and is usually used with the I type storage elements; the Q state is the integration of the flow variable and it is used with the C type storage elements.
The concept of a strong bond is important and is related to the Junction elements. Only one bond in a 1−Junction must supply the flow, i.e., only one bond should have the causality stroke outwards. Similarly, only one bond in a 0−Junction must supply the effort and that bond should have the causality stroke inwards. These unique causality bonds at the junctions are called strong bonds.
The procedure of deriving the dynamic equation from the bond graph is described below. If not, it means there is some loop in the system and this can be resolved by solving these equations as a system of linear equations.
VI. ILLUSTRATIVE EXAMPLE FOR MODELING HUMAN BEHAVIOR
We believe that human behavior involves complex energy transfers across multiple domains. In the context of our ongoing investigation into decision-support systems for wellness management [6] , there is a keen interest to develop actionable models for human behavior that can guide the decision-support. Recently models for human behavior have been developed using a fluid analogy paradigm [7] . To explore the potential of bond graphs for this domain, we present a model for the interaction between a Client and a Therapist that is inspired by the work in [8] .
A. Client Therapist Interaction Figure 2 illustrates a fluid analogy model that represents the interaction between a client and a therapist. Following the ideas in [8] , we represent the valence or affect of the client and the therapist as the levels of the two tanks, i.e., I 1 and I 2 . The valence or affect of the therapist is a function of his or her training and is represented by the valve N 1 . We assume that a better trained therapist, i.e., more flow in N 1 , would have higher valence. The valence of the client is affected by the environmental conditions as represented by N 2 . Through the interaction, the valence of the client and the therapist are affected as indicted by the valves labeled Therapy (R 1 ) and Feedback (R 2 ). 
B. Bond Graph for Human Behavior Model
Applying the procedure mentioned above for bond graphs creating step by step as follows. 1) The components of the system and corresponding bond graph elements were identified as shown in Table I . 2) All the distinct efforts in the client therapist interaction model were identified as shown in Figure 3 . Each effort was represented with a unique 0−Junction as illustrated in Figure 4 . 3) Add all the other components in the system using 1−Junctions between the two corresponding 0−Junctions as illustrated in Figure 5 . 4) Add half arrows to the bonds to indicate whether the element is generating or consuming energy. This is illustrated in Figure 6 . Step 2 5) The simplified bond graph is shown in Figure 7 . Here, junctions that had only one input and one output were removed.
C. Causalities Assignment
Using the causality assignment procedure described in Section IV, the bond graph shown in Figure 8 was obtained.
D. Dynamic Equations
The dynamic equations were derived for this system using the procedure described in Section V. As illustrated in Figure 9 , a unique number is assigned to each bond in the system.
The dynamic equations were derived using these assignments. In the following e i is the effort variable associated with bond i and f i is the flow variable associated with bond i. Resolve unknown values using the values across the strong bonds in the Junction elements
e 3 = e 2 − e 4 + e 12 = N 1 × S 1 − e 4 + e 12 (10) e 4 = e 5 = e 6 = R 5 × f 5 (11)
e 7 = e 6 + e 8 − e 10 = R 5 × f 5 + e 8 − e 10 (14) e 8 = N 2 × e 9 = N 2 × S 2 (15)
e 10 = e 11 = e 12 = R 11 × f 11 (17)
3) Write equations for the two port elements and Junction elements.
e 9 = S 2 (23)
(28)
e 4 = e 5 = e 6 = R 5 × (
e 7 =e 6 + e 8 − e 10 =
e 10 = e 11 = e 12 = R 11 × (
4) Express all the variables in terms of the state variables and system parameters.
Equations 39 and 38 describe the dynamics of how the client's and the therapist's valence changes over time. These dynamic equations can be used to simulate the interaction in a stand alone system or a decision-support system such as [6] .
VII. RESULTS
In order to test the bond graph mechanism that we are using to model humans behavior, we will choose some values to all the variables of the therapist-client model and check how the client's valence changes in a response to the therapy. We consider three cases, first e assume that, the environment decreases the valence of the client. In the first case we choose equal values for the two valves to indicate that the same amount of received therapy equals to the negative feedback from client. The second case consider a well trained therapist, with a flow of therapy higher than the negative feedback. The last case depicts an untrained therapist, in which the therapy rate is lower than the negative feedback. For these three cases we maintain a constants to all the other variables. We can conclude form Figures 10, 11 and 12 that the results are as expected. Notice that when the client visits a neutral therapist, his valence decreases linearly as expected just under the environment effects. Further, when the client visits an untrained therapist, his valence decreases rapidly. On the other hand if the client visits a well trained therapist, the therapy will overcome the negative effects of the environment, hence the valence of the client will increase.
VIII. CONCLUSION AND FUTURE WORK
Bond Graphs are powerful models for representing and reasoning about energy transfers in systems. We described a method for constructing a bond graph using the example of human interaction. The model was used as a basis to carry out causality analysis and also derive dynamic equations that described the behavior of the system.
In the future, we plan to extend these models to represent and reason about more complex behaviors involving individuals and groups of individuals. This approach can also be extended to incorporate well-known psychology theories such as the Theory of Planned Behavior and Social Cognitive Theory for human behavior.
